nied by small spikelets that are the result of active so-
The direction tuning of HS is approximately sinusoidal contrast sensitivity of the cell. We read from these curves the contrast required to elicit a criterion response (Hausen, 1982 ; see also Figure 6B ). The largest depolarizing responses are elicited by horizontal progressive from the cell before and after adaptation. The ratio of these contrasts gives the proportional change in con-(front-to-back) motion, termed the "preferred direction." The largest hyperpolarizing potentials are elicited by trast sensitivity induced by adaptation, denoted as ⌬CS total (Figure 3 ; Table 1 ). motion in the opposite direction, called here the "antipreferred direction" and also the "null direction" (Hausen We used criterion response levels equal to 10% and 50% of the maximum unadapted response level (Figand Egelhaaf, 1989) . Maddess (1986) found evidence for an afterimage ure 1B). Before adaptation, the 10% criterion response (typically found in the range 1-1 1 ⁄ 2 mV) was elicited mechanism in the fly visual system. Following exposure to stationary or very slowly moving patterns, the afterby a grating of 5% contrast. After adaptation, a grating of 22% contrast was required, giving a 4.4-fold deimage causes profound changes to the response characteristics of wide-field cells (e.g., oscillating responses crease in overall contrast sensitivity, ⌬CS total, 10% ϭ 4.4. Taking similar measurements for the 50% criterion level in response to moving gratings; Maddess, 1986) . To avoid the confounding effects of this phenomenon, we (around 6 mV), we find a similar decrease in sensitivity, ⌬CS total, 50% ϭ 4.7. only used gratings with moderate or high temporal frequencies (5 Hz or above) in all the experiments described Three obvious changes in the contrast-response function reduce the contrast sensitivity. Figure 3 ). ⌬CS gain is the decrease in contrast sensitivity that can be attributed to the contrast gain reduction alone, i.e., after accounting for the effects of the after-potential. Also shown (final column) is the proportion of the total contrast sensitivity change that can be attributed to the gain reduction (see Equation 2 and main text). a Indicates an unusually large value of CS total, 50% , where the hyperpolarizing after-potential depresses the response such that the 50% maximum response level is only attained in the heavily saturated region of the contrast-response function (see Figure 2A , open circles). b Indicates a condition where the value of ⌬CS total, 10% cannot be defined because the hyperpolarizing after-potential following adaptation depresses the membrane potential below the criterion response level. c Indicates two conditions where is it inappropriate to express ⌬CS gain as a proportion of ⌬CS total because the after-potential increases the cell's effective contrast sensitivity and thus acts in opposition to the gain reduction.
reduction: the output response range of the cell is also direction of the adapting grating. Preferred direction adaptation depolarizes the cell during the adapting pereduced following adaptation. Before adaptation, responses to preferred direction motion typically ranged riod and, as in Figure 1B , induces a hyperpolarizing after-potential (Figures 2A and 2B , open circles). Confrom 0 mV to 11 mV, a total extent of 11 mV. Following adaptation, however, responses typically ranged from versely, anti-preferred motion hyperpolarizes the cell during the adapting period and induces a weak depolar-Ϫ1.5 mV to 6.5 mV, an extent of only 8 mV.
The adapted contrast-response function can be exizing afterpotential (typically Ͻ0.25 mV; Figures 2A and  2B , open squares). Thus, the after-potential component pressed as a transformation of the unadapted contrastresponse function, R unadapted (contrast): of adaptation is direction sensitive. All adapting conditions also reduce the total output range of the cell to R adapted (contrast) ϭ a ϩ b · R unadapted (contrast · c) between 70% and 84% of the unadapted level. Thus, adaptation to motion in either the preferred or where the variables a, b, and c correspond to the afteranti-preferred direction reduces the system's contrast potential, output range reduction, and contrast gain regain (rightward shift of the curve), but the after-potential duction, respectively. depends on the direction of the adapting stimulus. This This description is a phenomenological classification difference indicates that the gain reduction and afterof the changes associated with motion adaptation. It potential are consequences of two different adapting does not suggest that the three factors are necessarily mechanisms in the motion pathway. independent or have different physiological origins. In the next section, we present evidence that the afterpotential and contrast gain reduction are the result of Relative Contributions of the Gain Reduction two separate adapting mechanisms in the motion and After-Potential pathway.
Given that the gain reduction and after-potential reflect two separate adapting mechanisms, we can estimate their relative contributions to the change in contrast Contrast Sensitivity for Preferred and Anti-Preferred Direction Motion sensitivity. We assume that the overall decrease in contrast sensitivity is primarily the result of rigid vertical Figure 2 shows that a large contrast gain reduction (a rightward shift of the log contrast-response function) is downward and horizontal rightward shifts of the curve, attributed to the after-potential and contrast gain reducinduced irrespective of the direction of motion (preferred or anti-preferred) during either the test or adapting petion components, respectively. Because both the afterpotential and contrast gain reduction are likely to have riods.
However, the after-potential induced by adaptation more complex effects on the contrast-response function, this is a first approximation. For example, if the (evident at test contrasts below 10%) depends on the after-potential were due to an increase in membrane where C unadapted and C adapted are the contrasts eliciting the criterion response level before and after adaptation, reconductance, this would necessarily also decrease the cell's input-output gain. Our analysis also ignores the spectively, and C corrected is the criterion contrast measured from the "corrected" contrast curve (Figure 3 ). small contribution of the output range reduction (see Discussion).
Equation 1 can be rewritten as: Given these provisos, we determine the relative contributions by evaluating the contrast sensitivity of the cell ⌬CS gain Ϫ 1 ⌬CS total Ϫ 1 (2) after correcting for the presence of the after-potential. Consider the experimental data of Figure 1B . The dashed line shows the adapted contrast-response funcApplying Equation 2, we find that the gain reduction tion normalized so that responses to subthreshold concomponent of adaptation (responsible for the rightward trasts (Ͻ3% for the data in Figure 1B ) have a mean value shift of the curve) accounts for ‫%07ف‬ of the change in of zero. We can now use this "corrected" curve to find contrast sensitivity following adaptation with preferred the contrast required to elicit the 10% and 50% criterion direction motion (see Table 1 ). response levels (Figure 3 ). Since we have eliminated the We apply the same analysis to determine whether the after-potential (vertical shift), we obtain the reduction magnitude of the contrast gain reduction varies with in contrast sensitivity attributable to the "contrast gain the direction of the adapting or test stimuli (Figure 2 ). reduction" alone (termed ⌬CS gain ).
The results are summarized in Table 1 . The magnitude The criterion contrasts on the corrected curve (Figure of the contrast gain reduction is similar for all four condi-1B, dotted line) give ⌬CS gain, 10% ϭ 3.4 and ⌬CS gain, 50% ϭ tions. On average, the adapting grating induces a 3.5-3.5. Notice that the total reduction in contrast sensitivity fold reduction in the system's contrast gain, irrespective including the after-potential (⌬CS total ) was only around of the direction of motion (preferred or anti-preferred) 4.5-fold (see above). The proportion of the total change during either the test or adapting periods. in contrast sensitivity attributable to the gain reduction Note that the proportions calculated only apply to is given by: the particular test and adapting stimulus used in our experiments (i.e., drifting sinusoids, 4 s adapting duration at 95% contrast, 20 Hz temporal frequency, and C corrected Ϫ C unadapted C adapted Ϫ C unadapted (1) 0.02 cycles/Њ). The relative contributions of the after- The total change in the cell's contrast sensitivity (⌬CS total ) is given by the ratio of the contrasts required to elicit a criterion response before and after adaptation (C adapted divided by C unadapted ). We also estimated the change in contrast sensitivity attributable to the "gain reduction" component of adaptation only (⌬CS gain ) (i.e., the component causing the rightward shift of the curve on the log contrast axis). The after-potential is removed by normalizing the adapted curve such that the mean of the subthreshold responses is zero (giving the dashed curve). ⌬CS gain is then determined by taking the ratio of C corrected to C unadapted .
potential and gain reduction components could depend Adaptation with flicker also induces hyperpolarizing after-potentials (Figure 4) , although smaller in magnion the stimuli used. tude than those induced by preferred direction motion. Correcting for the after-potential and calculating ⌬CS gain Is the Contrast Gain Reduction Driven by Flicker? A moving pattern causes local changes in contrast (i.e., (Table 1) , the contrast gain reduction component of adaptation accounts for ‫%08ف‬ of the total change in conflicker) that could reduce the contrast gain. Figure 1B ), but adaptation with wide-field or "orthogonal motion"). Orthogonal motion induces almost no response in the wide-field cell during the adaptlocal flicker produces a smaller change, averaging 1.7-fold (see Table 1 ).
ing period but causes a large reduction in the magnitude of response to a subsequent preferred direction test ferent directions ( Figure 6A ). All directions of adapting motion cause a similar reduction in response to the test stimulus ( Figure 5A ). Orthogonal motion induces a large change in the cell's overall contrast sensitivity similar to grating, indicating that all adapting directions induce a similar reduction in the system's contrast sensitivity that produced by preferred direction adaptation ( Figure  5B) . A slight hyperpolarizing after-potential is evident ( Figure 6B ). As expected, adaptation with gratings close to the after orthogonal adaptation, less than that induced by preferred direction adaptation, but of similar magnitude preferred direction of the cell (around 180Њ in Figure 6B ) causes a slightly greater reduction in response magnito that induced by adaptation to flicker (Figure 4) . Unlike preferred direction adaptation, orthogonal adaptation tude because the response following adaptation reflects the presence of the direction-sensitive after-potential as does not reduce the final saturation level of the cell. Table 1 shows that adaptation with orthogonal motion well as the direction-insensitive contrast gain reduction. induces a 4-fold decrease in the cell's overall contrast sensitivity, approximately the same as adaptation with Properties of the After-Potential The after-potential is antagonistic to the response inpreferred direction motion. Isolating the gain reduction component of adaptation (Figure 3) , orthogonal motion duced by the adapting stimulus (Figure 2) . To see whether the amplitude of the after-potential is related has a slightly stronger effect than preferred direction motion, amounting to around a 3.5-fold reduction in conto the level of the cell's response, we examined data from experiments that followed the same protocol trast gain (⌬CS gain, 10% ϭ 3.8 and ⌬CS gain, 50% ϭ 3.4; Table  1 ). Applying Equation 2, the contrast gain reduction shown in Figure 1A . We plotted the initial response to the first test grating against the after-potential elicited component accounts for Ͼ90% of the total reduction in the cell's sensitivity following orthogonal adaptation, when this stimulus was replaced with a blank mean luminance screen (analysis windows illustrated in Figure  compared to 60% for preferred direction adaptation.
To confirm that motion presented in any direction 7A). The test stimulus was varied in either contrast (7B), temporal frequency (7C), spatial frequency (7D), or direccauses a similar reduction in the system's contrast gain, we recorded the responses of a single HS cell to a tion (7E). All four conditions reveal a similar antagonistic relapreferred direction moderate contrast (30%) test grating before and after adaptation with gratings moving in diftionship between the test-potential and after-potential. In all conditions, the larger the depolarizing test-potenThe large scatter in the data set may obscure other relationships between the adapting stimulus and the tial, the larger the antagonistic (hyperpolarizing) afterpotential. The correlation in each condition is highly sigafter-potential. In particular, our preliminary investigations indicate that there may be an additional depennificant (p Ͻ 0.001; see Table 2 ) with a slope, by linear regression, of approximately Ϫ0.15 mV/mV. A homogedency of the after-potential on the temporal and spatial frequency of the adapting stimulus. More extensive exneity test (Edwards, 1976) shows that there is no significant difference between the slopes in the different conperiments using longer adapting periods will be required to establish all of the factors that influence the magniditions. Thus, our data suggest that, irrespective of how the response is varied, the relationship between depotude of the after-potential. We conclude that there is currently little evidence to larizing test-potentials and hyperpolarizing after-potentials is the same to a first approximation. indicate a difference in the after-potentials induced by different types of visual stimuli. The amplitude of the afterFor stimuli that elicit hyperpolarizing test-potentials, the after-potentials are small and difficult to interpret. potential is correlated with the amplitude of the response produced by the adapting stimulus. Thus, the For temporal frequency ( Figure 7C ) and direction ( Figure  7E ), there is no clear correlation between test-potential mechanism for generating after-potentials shows a similar sensitivity to visual stimulus parameters as the HS and after-potential. The contrast condition ( Figure 7B ) shows a weak but significant correlation with a shallow cell itself, although hyperpolarizing after-potentials are much larger than depolarizing after-potentials. slope of Ϫ0.05 mV/mV (Table 2 ). In the spatial frequency condition (Figure 7D ), we only used preferred direction motion. We cannot exclude the possibility that depolarizing after-potentials induced by varying grating conDiscussion trast ( Figure 7B ) have different properties from the other stimulus conditions. However, any putative relationship
We have described three changes in the response functions of wide-field motion-sensitive cells induced by between hyperpolarizing test-potentials and depolarizing after-potentials is clearly weak. Thus, similar trends motion adaptation: an after-potential (evidenced as a vertical downward shift of the log contrast-response may be hidden in the temporal frequency and direction conditions (Figures 7C and 7E) . function), a contrast gain reduction (a horizontal right- Table 2 shows the results of a correlation and regression analysis.
ward shift in the log contrast-response function), and a ferent from the gain reduction component of motion adaptation described here because it does not generate reduction in the cell's output response range.
Previous authors have described a gain control mecha steady decay in neural responses during stimulus presentation. Recent work suggests that it is a direct conseanism in the fly motion pathway that causes the responses of wide-field cells to be largely independent quence of the wide-field cells taking separate inputs from two mirror-symmetric EMD subunits (Borst et al., of stimulus size (Hausen, 1982; Reichardt et al., 1983; Egelhaaf, 1985) . This size-dependent mechanism is dif-1995; Single et al., 1997). 
After-Potentials
The reduction in output range may be related to the after-potential. Indeed, if hyperpolarizing after-potenThe amplitude of the after-potential is closely correlated with the response induced by the adapting stimulus tials are the result of opening ion channels in the widefield cell (Dü rr, 1998), one would expect to see a de- (Figure 7 ), but it is not clear whether the after-potential is causally dependent on the activity induced during the crease in the overall input-output gain of the cell and a reduction in total output range. The size of this gain adapting period or even if the after-potential necessarily originates in the HS cell itself. Further experiments are reduction would depend on the magnitude of the conductance changes involved. Further experiments and required to clarify these issues. However, our observations suggest that the after-potential is recruited whenmodeling are required to determine the properties and physiological origin of the output range reduction. ever the cell is driven, irrespective of the particular visual properties of the stimulus (spatial frequency, temporal Our quantitative analysis of the changes in the log contrast-response curve (Figure 3) assumed that the  frequency, contrast, or direction) . This is consistent with a purely activity-dependent form of adaptation: the output range reduction has negligible effect on the cell's overall contrast sensitivity. This is a fair assumption as greater the depolarizing activity induced during the adapting period, the larger the hyperpolarizing aftera first approximation since in any one adaptation condition, ⌬CS gain evaluated at 10% criterion response level potential.
Antagonistic aftereffects following adaptation have is approximately equal to ⌬CS gain evaluated at 50% criterion level. This pattern is consistent with a rigid rightward previously been reported in blowfly wide-field cells, and as found in our study, those following preferred direction shift of the curve: if the function had been compressed vertically, ⌬CS gain should increase with increasing critestimuli were stronger than those following anti-preferred direction stimuli (Srinivasan and Dvorak, 1979; de Ruyter rion level. Thus, we are confident that the output range reduction has only a minor effect on the cell's overall van Steveninck et al., 1986; Dü rr, 1998).
What is the origin of the after-potential? Dü rr (1998) contrast sensitivity. found a positive correlation between the accumulation of intracellular calcium during the adapting period and Gain Reduction the magnitude of the after-potential, and suggests that
The largest change in the contrast-response function the after-hyperpolarization may be mediated by calfollowing motion adaptation is the 3.5-fold reduction in cium-activated potassium conductances in the widecontrast gain (Figure 1) , as quantified by our measure field cell. This is consistent with our observation that ⌬CS gain (Figure 3 ; Table 1) . Surprisingly, adapting motion hyperpolarizing after-potentials are closely related to presented in any direction induces a similar gain reducthe membrane potential evoked during the adapting petion, including orthogonal motion that evokes no reriod (Figure 7) , because calcium accumulation is itself sponse from the cell during the adaptation period (Figpositively correlated ing-a rightward shift of the log contrast-response curve is observed only when the test stimulus is presented to the same location as the adapting stimulus. This sugOutput Range Reduction The origin of the reduction in the output (voltage) range gests that the gain reduction either occurs in retinotopic elements presynaptic to the wide-field cell or is a localof the cell following adaptation is unclear. It does not appear to be related to the contrast gain reduction comized process occurring on the dendrites of the widefield cell. Our data do not allow us to be more specific; ponent of adaptation because adaptation with flicker or orthogonal motion induces a profound reduction in the gain reduction could occur at any stage of the motion pathway-before, during, or after motion correlation. contrast sensitivity without a clear reduction in the cell's final saturation level (Figures 4 and 5) . However, the The major challenge for any account of adaptation is that motion in any direction induces a large contrast cell's response range does decrease after adaptation to either preferred or anti-preferred direction motion gain reduction (Figures 5 and 6 ) while flicker does not (Figure 4) . Simple activity-dependent models (where the (Figures 1 and 2) . This implies that, like the after-potential, the reduction in output response range is an activitygain of an element is regulated according to its own activity) predict strong adaptation to contrast flicker if dependent form of adaptation, only induced by adapting stimuli that cause sustained depolarization or hyperpothe adapting element is located before motion correlation or directional tuning if it is located after correlation. larization.
Our data points to a more complex mechanism for adapnot been used to study other adapting directions. It would be interesting to know whether our finding that tation where the responses of the adapting element are regulated by an external signal that is both motion dethe decrease in contrast gain is direction independent (Figure 5 ) also holds for the human visual system. pendent and direction insensitive. Unfortunately, the anatomy and physiology of the visual pathways leading to the wide-field lobula plate cells is unclear, making
Adaptation and Coding it difficult to formulate precise hypotheses about the Our previous work ( activity between different detectors, perhaps simplifying subsequent neural processing.
